INTRODUCTION
Adequate functioning of the upper limbs (UL) is required for the performance of most activities of daily living (ADL). UL impairments may affect the performance of meaningful tasks, such as reaching and grasping (1, 2) . Despite the non-linear relationships between muscle strength and function throughout the recovery process following a stroke (3) , it is well recognized that muscle weakness, especially in the UL, is related to limitations in performance of ADL in subjects with stroke (1, 2) . Therefore, UL strength is a relevant outcome to be considered in stroke rehabilitation, for the understanding of the functioning and disability processes (1, 2) .
Within clinical contexts, the assessment of strength in subjects with stroke is usually performed using the manual muscle test (4) , which provides a subjective measurement of strength, but has low sensitivity (4) and limitations for the identification of important differences in strength, mainly when strength is rated as good or normal (5) . The gold standard for the evaluation of isometric strength is the portable dynamometer (6) , which provides objective strength values and has good sensitivity (7) . However, the clinical applicability of the dynamometer is limited for most professionals, especially in developing countries, where stroke is a burden on the public health system (8) .
The modified sphygmomanometer test (MST) is another method that can be applied in clinical settings for the assessment of muscle strength. The MST is applied using a simple adaptation of very common, portable, low-cost equipment; the conventional sphygmomanometer, which is commonly used by health professionals for the assessment of blood pressure (9, 10) . The MST has demonstrated adequate measurement properties for the assessment of the strength of various muscle groups and populations (11) . A recent study provided information regarding the measurement properties of the MST and the number of trials necessary for the assessment of trunk and lower limb muscle strength in subjects with chronic stroke. Following familiarization, adequate reliability and validity were found for a single trial (12) . However, no studies were found that used the MST to assess UL muscle strength in subjects with stroke (11) .
Before an instrument or test is applied within a specific context, e.g. population characteristics and muscle groups, its measurement properties should be evaluated (13) . Furthermore, it is important to determine the number of trials needed to ob-
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tain valid and reliable results (13, 14) . Therefore, these issues must be addressed before the MST can be recommended for measurement of UL muscle strength in subjects with stroke. The aims of the present study were therefore to evaluate the measurement properties (test-retest/inter-rater reliabilities and criterion-related validity) of the MST for the assessment of UL muscle strength in subjects with chronic stroke and to determine the number of trials (first trial, the means of the first 2 trials, and the means of 3 trials) needed to obtain valid and reliable results.
METHODS
The present study was part of a larger research project that aimed to investigate the measurement properties of the MST for the overall assessment of muscle strength in subjects with stroke. Data related to the assessment of the lower limb and trunk muscles have been published previously (12) . Some of the participants in the present study also participated in the previous study, and the procedures used were identical (12) .
Participants
Subjects with stroke were recruited from the general population and by contacting physical therapists and screening outpatient clinics in university hospitals in the city of Belo Horizonte, Brazil. The inclusion criteria were: subjects diagnosed with stroke at least 6 months previously; over 20 years of age and; ability to perform the data collection procedures. The exclusion criteria were: cognitive impairment (Mini Mental Status Examination), pain and other neurological, rheumatological, and/or orthopaedic impairment that could prevent data collection. It is important to note that subjects were included even if they could not perform all of the muscle group tests. Therefore, the sample size varied for each muscle group analysed, since some subjects were not able to activate some muscles.
According to Balogun et al. (15) and recommended tables (13) for power and sample size calculations for correlation analyses, a sample of 18 subjects would be required for a power of 80%, a correlation coefficient of 0.60 and a significance level of 5%. Based on the assumption related to correlation analyses regarding sample heterogeneity, and in an attempt to obtain variability regarding strength, subjects were recruited into various age groups (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) (50) (51) (52) (53) (54) (55) (56) (57) (58) (59) , and > 60 years), both sexes, and various degrees of motor impairments (severe, moderate, and mild), based on the Fugl-Meyer-UL section scores (2, 16, 17) . Therefore, the recruitment included 18 subjects in each age group with different characteristics regarding sex and motor impairments, totalling 54 subjects.
After being informed about the objectives of the study, all participants provided written consent based on previous approval from the university ethics review board. Demographic and clinical data were collected by experienced physiotherapists (PTs). The paretic side was determined by increased tonus of the elbow, wrist, and finger flexor muscles, as determined by the Modified Ashworth Scale scores (18) and/or decreased strength, compared with the non-paretic side.
The following muscle groups were assessed: shoulder flexors, extensors, and abductors; elbow flexors and extensors; wrist flexors and extensors; grip and pinch strength (pulp-to-pulp, palmar, and lateral pinch).
Muscle strength measurement
To investigate the criterion-related validity, the measures obtained with the MST were compared with those obtained with the portable dynamometer, which is considered the gold standard equipment for assessment of isometric strength (6) . Three portable dynamometers were used: the Microfet2 ® digital hand-held dynamometer (Hoggan Health Industries, UT, USA) to measure the strength of the shoulder, elbow, and wrist muscles; the Saehan ® hydraulic handgrip dynamometer (Saehan Corp., Korea, Model SH5001) to assess grip strength; and the Saehan ® hydraulic pinch dynamometer (Saehan Corp., Model SH5005) to measure pinch strength. All of the equipment was new and was calibrated according to the manufacturers' instructions.
The aneroid sphygmomanometer DuraShock TM Tycos ® (Welch Allyn Inc., NY, USA, Model DS-44), with 2 mmHg increments, was used to perform the MST. The conventional sphygmomanometer was adapted using the bag method, as previously described (9, 12, 19) (Fig. 1) . Prior to the evaluation sessions, the sphygmomanometer was inflated to 100 mmHg to remove any wrinkles in its bladder. Sufficient air was, then released to achieve a baseline pressure of 20 mmHg, so that it provided measurement intervals between 20 and 304 mmHg. The valve was closed tightly again to prevent leakage (10). The modified sphygmomanometer was then placed in a position to resist the movement generated by the muscle group to be tested, and the force exerted by the subjects was read from the dial. Before each measurement, the examiner verified that the baseline was exactly 20 mmHg. Therefore, the obtained value with the MST included this baseline value of 20 mmHg, as described previously (9, 10, 12, 15) .
The stability of the measures obtained with the modified sphygmomanometer was tested prior to assessment with known weights (5-35 kg) (19) . The correlations between the known weights and the values obtained (in mmHg) were significant and very high (r = 0.99; p = 0.001), and the coefficients of variation ranged from 2.24% to 4.68%.
Procedures
Two trained PTs (examiners 1 and 2) performed all strength assessments independently and adopted identical test procedures (administration, environment, instructions, and protocols). A third examiner read and recorded all values obtained with the portable dynamometers and MST. No feedback and no further discussions were allowed between the examiners. Both subjects and examiners were blinded regarding all strength values.
Examiner 1 assessed all muscle groups twice over 2 sessions (sessions 1 and 2, 1-4 weeks apart (20) , whereas, examiner 2 assessed all muscle groups once at the first session. Inter-rater reliability was investigated taking into account the measurements obtained by the 2 independent examiners (examiners 1 and 2) with the MST during the same session. Test-retest reliability was investigated taking into account the MST measurements obtained by examiner 1 over the 2 sessions (20) . Prior to data collection on the second day, the subjects were asked to report any adverse health issues that occurred, as recommended previously (13, 21) . The criterion-related validity was investigated, taking into account the MST and portable dynamometer data obtained by examiner 1 during the first day. Before the strength assessments, the order of the equipment (modified sphygmomanometer and portable dynamometers) was randomized, using simple randomization procedures (sealed envelopes). For both pieces of equipment, the assessment always began with the non-paretic side, followed by the same muscle group on the paretic side. The subjects' positioning, the stabilization to avoid compensatory movements, and the verbal encouragements provided, were standardized (22) .
Subject and segment positioning, equipment positioning, and the location of resistance application, followed protocols that are commonly applied for the assessment of strength with portable dynamometers (22) (23) (24) and have been used previously in subjects with stroke (22, 24) . All of these procedures were identical for both dynamometer and MST assessments.
The following muscle groups were assessed with the subject in the supine position:
• wrist flexors/extensors: UL next to the body, shoulder extended in neutral position, elbow flexed to 90°, forearm and wrist in neutral positions, fingers flexed, manual stabilization of the forearm, resistance applied to the flexed fingers for wrist flexors and proximal to the metacarpophalangeal joints for the wrist extensors ( fingers flexed, manual stabilization of the shoulder, resistance just proximal to the elbow on the lateral surface of the arm (Fig. 2D ).
The following were assessed with the subject in the sitting position (feet and back supported, UL next to the body, shoulder in neutral position, elbow flexed to 90°, forearm in neutral position, wrist extended to 0-30°): grip ( Fig. 3A ) and pinch strength ( Fig. 3B ) (pulp-to-pulp, palmar, and lateral pinch) (24) .
Prior to data collection, a demonstration and a familiarization trial (submaximal isometric contraction) were allowed for all procedures. The majority of subjects required only a single trial to become familiar with the procedures, but some subjects required more trials. The participants were then asked to perform a maximal isometric force against the equipment, which was manually stabilized by the examiner, for a period of 5 s, and the peak values were recorded (11) . After familiarization, 6 trials of maximal isometric contractions were performed; 3 for each instrument (portable dynamometers and modified sphygmomanometer). Rest intervals (20 s) between trials were allowed in order to avoid fatigue, as in previous studies (2, 22, 25) .
Statistical analyses
Descriptive statistics and tests for normality were calculated for all investigated variables. One-way analysis of variance (ANOVA) was used to compare the MST values using different number of trials (first trial, the means of the first 2 trials, and the mean of 3 trials) for all muscle groups, taking into account the values obtained by examiner 1 during session 1.
Intra-class correlation coefficients (ICCs) with 95% confidence intervals (CI) were used to assess the test-retest and inter-rater reliabilities of the MST measures, taking into account the different numbers of trials: first trial (ICC 2,1 ), the means of the first 2 trials (ICC 2,2 ), and 
RESULTS
A total of 57 subjects were assessed to determine the validity of the MST (Table I) (Table II) . However, for completeness of the investigation, the results for validity and reliability were also investigated taking into account the different numbers of trials.
Reliability
Regarding test-retest reliability, the different number of trials showed high to very high ICC values (0.83 ≤ ICC ≤ 0.97; p < 0.0001) for the muscle groups of the paretic and non-paretic UL (Table III) . The 95% CI of the ICC ranged from moderate (lower bounds) to very high (upper bounds) for the majority of the assessed muscles using different numbers of trials.
For the inter-rater reliability, the different number of trials showed high to very high ICC values for all muscle groups (0.79 ≤ ICC ≤ 0.97; p < 0.0001). The 95% CI of the ICC were more variable and ranged from very low (lower bounds) to very high (upper bounds) for the majority of the assessed muscles using different numbers of trials (Table IV) .
Validity
For all muscle groups, significant correlations were found between the portable dynamometers and the MST measures when different numbers of trials were considered. The correlations were classified as moderate to very high for all muscle groups and the numbers of trials of both the non-paretic (0.61 ≤ r ≤ 0.93; p < 0.0001) and paretic UL (0.65 ≤ r ≤ 0.95; p < 0.0001).
Except for the pulp-to-pulp and palmar pinch strength of both UL and lateral pinch strength of the paretic UL (0.39 ≤ r 2 ≤ 0.54), the coefficients of determination were 0.60 ≤ r 2 ≤ 0.86 for the muscles of both sides, indicating that at least 60% of the strength values obtained with the dynamometer were explained by the measures obtained with the MST (Table V) . The equations provided in Table V could be used to predict the strength values (in kg) from those obtained with the MST (in mmHg). A B 
DISCUSSION
In this study, the MST provided adequate values of test-retest/ inter-rater reliabilities and validity for all assessed muscles of both UL in subjects with chronic stroke for all investigated numbers of trials.
Portney & Watkins (13) found that most researchers recommend making more than 1 measurement of a behaviour or characteristic, whenever possible. However, the question as to which value best represents the individual's true scores remains unanswered. The majority of studies that used the MST to assess UL strength reported the mean of 3 trials (11) . A recent study (12) investigated the effects of different numbers of trials on the MST values for the assessment of trunk and lower limb muscles in subjects with chronic stroke, and found that the first and the means of 2 and 3 trials showed similar results for all assessed muscles. Coldham et al. (27) reported that a single trial of maximal grip strength with a portable dynamometer in healthy subjects was appropriate, less painful, and as reliable as the mean of 3 trials or the best measure.
In the present study, no significant differences were found between the MST measures when different numbers of trials were considered for the assessment of UL muscles. The use of a single trial for the MST assessment of strength improves its applicability and feasibility, since a significant time-saving can be made in addition to avoiding muscular and general fatigue.
Reliability
Considering that ICC is the most recommended method for reliability analyses, since it reflects both the associations and the agreement levels between 2 or more measures (13), the present results were compared only with those of earlier studies that provided ICC values to report the reliability of MST measures. (31) assessed the grip and pinch (pulp-to-pulp and lateral pinch) strength in leprosy and found poor inter-rater reliability coefficient only for the lateral pinch strength (ICC = 0.48). The ICC values for both test-retest and inter-rater reliabilities found in the present study were similar to those of previous studies and, for the lateral pinch strength in particular, they were even higher (0.88 ≤ ICC ≤ 0.93). These results illustrate that there were no systematic differences between the MST values obtained by examiner 1 over 2 sessions and between 2 raters. Furthermore, the number of trials did not affect the MST results regarding test-retest and inter-rater reliabilities for the assessment of UL muscle strength. Similar results were also reported for MST assessment of the lower limb and trunk muscles of subjects with chronic stroke (12) .
Validity
Previous studies investigating the criterion-related validity of the MST for the assessment of UL strength (11) compared the measures provided by the modified sphygmomanometer with those obtained with the portable dynamometer, only for the elbow flexors of healthy individuals (32) and grip strength of elderly and healthy adults (15, (33) (34) (35) . These studies found significant and high correlations between the measures provided by the 2 devices (0.75 ≤ r ≤ 0.96), as observed in the present study for the same muscle groups. Furthermore, in the present study, the validity of the MST was also investigated for 9 other muscle groups and the results were also significant, with high to very high correlations, except for the pulp-to-pulp and palmar pinch strength, which had moderate to high correlations (0.61 ≤ r ≤ 0.76). The number of trials did not affect the results regarding the criterion-related validity. Similar results were reported with the MST for the assessment of the lower limb and trunk muscles of subjects with chronic stroke (12) .
Three studies that investigated the criterion-related validity of the MST also used regression analyses to identify the best model to explain the relationships between the MST and the criterion measures (15, 32, 35) . Bohannon & Lusardi (32) used the mean of 2 trials of the strength of the elbow flexors with healthy subjects and reported curvilinear relationships with coefficients of determination of r 2 = 0.82 between the measures provided by both instruments. In the present study, for the same muscle group, using the first trial, linear relationships between the MST and the dynamometer measures were found, with coefficient of determinations of r 2 = 0.72. Balogun et al. (15) assessed grip strength using the highest value of 2 trials with healthy adults and described a linear relationship (r 2 = 0.71). Hamilton et al. (35) assessed the same muscle group using the mean of 3 trials with healthy women and also described a linear relationship (r 2 = 0.56). In the present study, the linear regression model revealed coefficients of determination of r 2 = 0.65 and 0.71 for grip strength using the first trial.
Although the MST uses a device designed to assess blood pressure, when it was properly adapted and the technique described in this study was applied, at least 60% of the variation in the dynamometer measurements could be explained by the MST measurements for the majority of the muscle groups. The established prediction equations of the present study could be used to estimate the strength values (in kg) by using the MST measures (in mmHg) for subjects with stroke. Thus, the results for UL muscle strength obtained with the MST could be compared with those of previous studies using the dynamometer (1, 2, 36 ). For example, there are some cut-off values regarding grip strength measures assessed with portable dynamometers used to classify the degree of clinically relevant muscular weakness: < 26 kg in men and < 16 kg in women are classified as "weak"; between 26-31.9 kg in men and 16-19.9 kg in women are classified as "intermediate"; and ≥ 32 kg in men and ≥ 20 kg in women are classified as "normal strength" (36) . Clinicians who assess grip strength with the MST, which provides force values in mmHg, can apply the regression equations provided by the present study to determine the concurrent force values in kg and could therefore apply this categorization to classify clinically relevant weakness.
Within both clinical and research contexts, the residual deficit of the paretic upper limb is usually determined. One of the proposed approaches to quantify this deficit is the ratio between the strength data of the paretic and non-paretic sides (37) . It is interesting to note that, when taking these ratio values, the units of measurement (mmHg or kg) do not matter. Therefore, for a specific muscle group, the ratio values provided by the dynamometer (kg) are similar to those provided by the MST (mmHg). This can easily be observed by calculating the strength ratio between the paretic and non-paretic sides, using the mean values of the dynamometer and the MST measures shown in Table V . Therefore, if clinicians are interested in ratio values, it is not necessary to apply the regression equations provided by the present study. It is important to note that a limitation of using the ratio values is that the strength of the non-paretic side is also impaired in subjects with stroke (38, 39) and, therefore, the non-paretic side should not be used as a reference (39) .
In the present study, the pulp-to-pulp and palmar pinch strength of both UL and lateral pinch strength of the paretic UL showed significant and lower coefficients of determination. This could be explained by the difficulty that the subjects had in assuming the standard positioning, since they required assistance to maintain their finger positioning on the equipment. In addition, the pinch dynamometer had a thin surface, where the fingers were positioned. On the other hand, the MST has a large surface. Thus, the length-tension of the muscles was different between the devices.
Another important issue to be discussed is related to the greater variability observed for all the strength measures of the non-paretic UL compared with the paretic one. The force generated in a joint that is crossed by several muscles can be the result of the combination of a large number of forces. Furthermore, a specific level of muscle activation, which is necessary to generate force, can be the result of various combinations of sub-sets of motor units, which can be recruited in different frequencies (40) . These natural motor variabilities, which result in movements that are "both variable and optimal", demonstrate specific changes that can be associated with neurological disorders (40) , such as stroke.
The results of the present study, together with other results published recently (12) , indicate that the MST may be applied within clinical settings for the assessment of the strength of the most commonly affected muscles of the trunk, upper and lower limbs of subjects with chronic stroke. Considering the adequate levels of reliability and validity, future studies should investigate the responsiveness of the MST and include analyses of the minimal clinically important differences. It is important to determine how much change in strength measured with the MST is necessary to characterize a meaningful and worthwhile change, taking into account the subjects' perspectives (41) .
Study limitations
A limitation of this study was that few subjects with high levels of disability were evaluated. In addition, to avoid bias related to internal validity investigation, a third examiner was responsible for reading and recording all strength measures, which is not a procedure commonly observed within clinical contexts. Moreover, the predicted equations for the pulp-to-pulp and palmar pinch strength of both UL and the lateral pinch strength of the paretic UL should be used with caution, since the coefficients of determination were low for these muscle groups and there may be other predictor factors that were not considered in this study. Finally, considering that subjects with stroke have more difficulty performing dynamic contractions, it would be interesting to verify whether the MST could be applied to evaluate strength in dynamic contractions. However, in the present study, only isometric strength was assessed. The majority of studies that used portable dynamometry with subjects with stroke also evaluated isometric muscular contractions (22) . In addition, a recently published systematic review (11) reported that all of the studies related to the MST measures also evaluated isometric strength. Therefore, future studies should investigate whether the MST can be used for the assessment of strength during dynamic contractions.
Conclusion and clinical applicability
The MST can be used to assess the strength of the UL muscles in subjects with chronic stroke, since it shows adequate reliability and validity. In addition, after familiarization, a single trial is sufficient to generate valid and reliable measures. As the device is portable and available worldwide, the MST could easily be used in a range of clinical contexts. Adaptation of the conventional aneroid sphygmomanometer is simple, requiring only the addition of a cotton bag costing approximately US$15. Furthermore, it is not necessary to use the sphygmomanometer exclusively for the assessment of strength, since the adaptation is not permanent. Thus, the MST enables health professionals to perform objective assessments of UL strength in subjects with stroke, with good-quality results, at a low cost, and with good feasibility.
